Retention in care and viral suppression are critical to delaying HIV progression and reducing transmission. Neighborhood socioeconomic context (NSEC) may affect HIV care receipt. We therefore assessed NSEC's impact on retention and viral suppression in a diverse HIV clinical cohort.
Background
The HIV care continuum characterizes the movement of persons living with HIV/AIDS (PLWHA) from diagnosis, to linkage to care, to retention in care, to use of antiretroviral therapy (ART), and ultimately, to HIV RNA suppression (Ford & Spicer, 2012; Gardner, McLees, Steiner, Del Rio, & Burman, 2011) . Multiple domestic public health agencies have enunciated the need for improvement in the participation of PLWHA across the continuum, including narrowing disparities by demographic, behavioral, and social factors (Centers for Disease Control and Prevention et al., 2014 ; White House Office of National AIDS Policy, 2010; White House Office of National AIDS Policy, 2015) . Such improvement may be particularly critical in the southern United States (US).
For example, the South lags behind all other regions of the country with slower improvements in HIV outcomes, higher HIV and AIDS incidence, and higher AIDS-specific mortality (Adimora, Ramirez, Schoenbach, & Cohen, 2014; Centers for Disease Control and Prevention, 2013; Hanna, Selik, Tang, & Gange, 2012; Reif et al., 2014) . To date, however, there has been a greater focus on identifying demographic and behavioral contributors to these patterns, while neglecting the role of environmental factors such as adverse neighborhood socioeconomic contexts, which are disproportionately present in the South (Buot et al., 2014; Dean & Fenton, 2010; Reif, Sullivan, Wilson, Berger, & McAllaster, 2016; Wimberley & Morris, 2003) .
Aspects of neighborhood context that may contribute to adverse HIV outcomes include structural poverty and disorder, lack of access to transportation, rurality, and housing instability. Specifically, some of the aforementioned neighborhood-level factors have been shown in some studies to negatively influence retention in care, ART adherence, and viral suppression (Chakraborty et al., 2015; Eberhart et al., 2015; Nelson et al., 2016; Surratt, Kurtz, Levi-Minzi, & Chen, 2015) . However, these prior studies focused either on individuals residing within single cities (Eberhart et al., 2015; Surratt et al., 2015) , lacked multiple measures of context (Chakraborty et al., 2015; Nelson et al., 2016) , or largely assessed individuals only immediately following linkage to care or ART initiation in cross-sectional analyses (Chakraborty et al., 2015; Eberhart et al., 2015; Nelson et al., 2016; Surratt et al., 2015) .
The abovementioned neighborhood-level factors have also been associated with increased substance use, mental health issues, and HIV risk behaviors (Bowleg et al., 2014; Fletcher, Kisler, & Reback, 2014; Tobin, Latkin, & Curriero, 2014) . Associations between neighborhood context and adverse HIV outcomes may therefore be operating at least in part through mental health and behavioral factors that have been shown to impact the HIV care continuum (American Psychological Association, 2015; Bowleg et al., 2014; Friedman et al., 2009; Latkin, German, Vlahov, & Galea, 2013; Reif et al., 2016; Royal et al., 2009) . Thus, to add to the evidence base regarding the role of neighborhood context in adverse HIV outcomes while addressing some of the limitations of prior studies (Chakraborty et al., 2015; Eberhart et al., 2015; Nelson et al., 2016; Surratt et al., 2015) , we used cohort data from a well-characterized southern clinic-based population of PLWHA with greater geographic diversity than prior work (Eberhart et al., 2015; Surratt et al., 2015) to quantify the influence of neighborhood socioeconomic context on HIV care continuum stages (i.e., retention in care and viral suppression).
Methods

Study population
HIV-positive individuals ≥18 years old with ≥1 clinic visit at the Vanderbilt Comprehensive Care Clinic (VCCC) and residing in 5-digit ZIP code tabulation areas (ZCTAs) with available census-derived socioeconomic information during the study period, 1 January 2008-31 December 2012, were included in the study population. Data from the VCCC include encounter and demographic information, vital status, ART use, diagnoses, and laboratory values (e.g., CD4+ lymphocyte count (CD4) and plasma HIV-1 RNA viral load (VL)). The VCCC cohort has been described previously (McGowan et al., 2011) .
Outcomes and follow-up
The HIV care continuum stages of retention in care and viral suppression were assessed. Outcomes were anchored to calendar time in line with common programmatic reporting requirements, such as those for Ryan White client-level data reports (U.S. Department of Health and Human Services Health Resources and Services Administration, 2015) . Retention in care was defined as ≥2 visits, >90 days apart, in each year of follow up (Ford & Spicer, 2012 ; White House Office of National AIDS Policy, 2010). This measure has been associated with other retention measures and multiple HIV disease outcomes and all-cause mortality (Ulett et al., 2009; Yehia et al., 2012) . Viral suppression was defined as a VL <200 copies/mL at last measurement in the year, among those with ≥1 clinic visit and a measured VL in the year (Valdiserri, Forsyth, Yakovchenko, & Koh, 2013) .
Patients with missing VL data constituted <2% of individuals who had the requisite clinic visits to otherwise qualify for inclusion per calendar year. Patients who did not have the requisite clinic visits to be included in the viral suppression denominator constituted between 4% and 9% of the study sample per calendar year. As these were <10% of the eligible patient population in any calendar year, the outlined exclusions from the viral suppression denominator were considered to be a negligible potential source of selection bias. Furthermore, because the exposure and covariates (described later) were not time-updated, our analysis was not vulnerable to missing exposure or covariate information during gaps in care.
For retention in care, participants were followed from their first visit during the study period until death or end of the study period. However, if enrollment occurred within the last 3 months of a given calendar year during the study period, then person-time between enrollment and the end of that calendar year was excluded because the retention in care definition could not be met during the person-time available.
For viral suppression, participants were followed from their first visit during the study period until death or the end of the study period. To maximize the number of VL assessments, individual patient follow-up was not censored because of missing VL data or the occurrence of a calendar year without the requisite number of clinic visits. Instead, these patients were not included in the viral suppression denominator in the pertinent calendar year.
Neighborhood socioeconomic context
Neighborhood context characteristics were determined based on geocoded patient residential data from the first visit during the study period. Publicly available US Decennial Census (2010) and American Community Survey (2008) (2009) (2010) (2011) (2012) data at the 5-digit ZCTA level were used to derive neighborhood context (American Psychological Association, 2015; Latkin et al., 2013) . Specifically, for each ZCTA, the neighborhood socioeconomic contextual indicators included: the percentage of the population of black race, the median age, the percentage with male sex assigned at birth (sex), the percentage living below twice the Federal Poverty Level, per capita income, percentage with less than a high school education, and percentage not participating in the labor force. The aforementioned selected indicators were informed by prior work conducted by Arnold, Hsu, Pipkin, McFarland, and Rutherford (2009) , and subsequently supported by others, in which these indicators were directly or indirectly linked to poverty and socioeconomic context (Arnold et al., 2009; Dean & Fenton, 2010; McKenzie & Rapino, 2011; Wilson et al., 2011) .
In line with the methods of Arnold et al. (2009) , Zscores for each indicator were calculated across ZCTAs. The resulting Z-scores for each ZCTA were assigned to each individual according to their residential ZCTA; these Z-scores were then summed across indicators for each individual to create a neighborhood socioeconomic context (NSEC) index score for each individual (Supplemental Figure 1) (Arnold et al., 2009; Geronimus & Bound, 1998; Soobader, LeClere, Hadden, & Maury, 2001) . The final NSEC index score was modeled by quartile. A higher score (and therefore higher quartile) represented more extreme positive scores on constituent factors, representing more adverse overall NSEC.
Covariates
Dates of clinic enrollment, HIV healthcare provider visits, and death were used to establish follow-up over the study period. Covariates such as year of birth, sex (i.e., male or female), race/ethnicity (categorized as white Non-Hispanic (white), black Non-Hispanic (black), Hispanic, and other/unknown), and HIV risk factor (categorized as male-to-male sexual contact (MSM), injection drug use (IDU), heterosexual contact (Hetero), or other/unknown-including perinatal infection) were collected at clinic enrollment and did not vary over the study period. Laboratory values at baseline such as CD4 and VL did not vary after baseline either and were used as covariates to describe the study population at baseline.
Time since enrollment in HIV care (in years) at the start of follow-up was used as a covariate that did not vary over the study period. There were no missing covariate values in the study sample.
Statistical analysis
Modified Poisson regression was used to estimate relative risks (RR) and 95% confidence intervals (95% CI) for outcomes by quartile of the NSEC index score (Zou, 2004) . The time scale was time since the first visit during the study period. Generalized estimating equations (GEE) were used to account for potentially correlated outcomes within ZCTAs and individuals over time (Miglioretti & Heagerty, 2007; Zeger, Liang, & Albert, 1988) . Adjusted models accounted for individual-level factors including year of birth, sex, race/ethnicity, and time since enrollment in HIV care (years). Covariates were modeled using restricted cubic splines or categorical indicators. Trends in RRs were tested using orthogonal polynomials in adjusted regression models (Hubert, 1973) .
Conditional probabilities of the outcomes were extracted from linear combinations of predictors included in the adjusted model, set to mean covariate values. All tests were two-tailed and considered statistically significant with p < 0.05. Analyses were conducted using Stata 12 (StataCorp, College Station, TX).
The Vanderbilt University School of Medicine Institutional Review Board approved all study activities. All procedures performed were in accordance with the ethical standards of the Institutional Review Board and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. For this type of study formal consent was not required.
Results
Among 2272 adults contributing 8439 person-years for the retention analysis, median age at enrollment was 38 (1st quartile, 3rd quartile: 30, 44) years and median CD4 was 351 (176, 540) cells/μL, while 24% were female, 39% were black, and 8% had IDU as HIV risk factor (Table 1(a) ). Among 2541 adults contributing 8972 person-years for the viral suppression analysis, median age at enrollment was 37 (29, 44) years and median CD4 was 437 (266, 630) cells/μL, while 24% were female, 39% were black, and 8% had IDU as HIV risk factor (Table 1(b) ).
Patients in the VCCC resided in 243 5-digit ZCTAs during the study period, providing adequate heterogeneity in exposure. Approximately 58% of the study population resided in the Nashville area (21 ZCTAs within Davidson county), 18% in the Nashville suburbs (25 ZCTAs in four counties surrounding Davidson county), and 24% beyond Nashville (197 remaining ZCTAs); 88% of the study population lived in an urban ZCTA (i.e., a ZCTA with census-derived proportion urban ≥50%). Across these 243 ZCTAs, median NSEC z-score was 0.09 (-0.66, 0.48) (Figure 1, Supplemental Figure 1 ). Overall, 79% of person-time contributed was retained and 74% was virally suppressed. Younger individuals were more poorly retained and less likely to be virally suppressed while older individuals achieved better outcomes (Table 1(a,b) ). Female patients were retained in similar proportions to males, but were virally suppressed in lower proportions (Table 1(a,b) ). Furthermore, both black and IDU patients had the poorest outcomes (Table 1(a,b) ). The observed percentage of person-time retained was generally lower in more adverse neighborhoods (75% in the 4th vs. 81% in the 1st NSEC quartile; Table 1(a)). However, in unadjusted models and adjusted models accounting for individual year of birth, sex, race/ethnicity, and time since enrollment in HIV care, more adverse socioeconomic context was not significantly associated with poorer retention. In contrast, more adverse socioeconomic context was significantly associated with lack of viral suppression for the 4th vs. The 1st NSEC quartile (RR = 0.88; 95% CI: 0.80-0.97). Neither predicted probabilities of retention nor viral suppression demonstrated statistically significant doseresponse relationships by NSEC quartile (Figure 2) , though point estimates were indicative of a trend, with the 4th NSEC quartile experiencing worse outcomes than lower quartiles (which indicate better NSEC) ( Figure 2 , Table 2 ).
Discussion
In this analysis, more adverse neighborhood socioeconomic context was found not to be significantly related to retention. However, the poorest socioeconomic context score was found to be associated with lack of viral suppression compared to the best score. These findings persisted even after accounting for demographics and secular trends. It may also be noteworthy that higher NSEC score did significantly predict lack of retention and viral suppression when assuming independence between individuals within ZCTAs (results not shown). However, we assert this is not a reasonable assumption.
It is possible that, because this particular study population had high levels of retention in care and viral suppression and access to robust safety-net services, differences in access to care, which may be expected to vary according to neighborhood socioeconomic context, were mitigated (Doshi et al., 2015) . However, it is unlikely our null findings resulted from insufficient variability in indicators across quartiles of NSEC risk score. In quantile regression clustered at the ZIP code level, there were indeed significant differences across the quartiles of NSEC risk score in the socioeconomic contextual indicators that were used to develop the NSEC score (p < 0.01 each).
Other studies in various US settings have obtained mixed results. In a largely urban cohort in Philadelphia, Eberhart et al. found lower economic deprivation areas associated with a lower probability of retention. In the same study, however, the authors found higher economic deprivation areas associated with a lower probability of viral suppression (Eberhart et al., 2015) . Nelson et al. found both rural and urban residents had lower retention and viral suppression compared to residents of metropolitan areas (≥500,000 residents) using CDC data from 28 jurisdictions in 2012, though they did not control for demographic or socioeconomic determinants in their analysis (Nelson et al., 2016) . In another analysis spanning a large, geographically diverse cohort of PLWHA across the US over a decade, Rebeiro et al. Percentages may not sum to 100%, due to rounding. Col. % uses the total sample size of individuals (n =2272 or n=2541) as the denominator; Row % uses the total person-years within a given row, summed across "Not Retained" and "Retained" (in Table 1 (a)) or else across "Not Suppressed" and "Suppressed" (in Table 1 (b)), as the denominator. Neighborhood Risk Score: z-score index for each individual based on % with income less than twice the poverty level, per-capita income, % less than high school educated, % non-participation in labor force, median age, % male sex, and % black race within a given 5-digit ZCTA. Ref.: reference value; MSM: men who have sex with men; IDU: history of injection drug use; Hetero: heterosexual contact.
showed only decreased median age and increased proportion of residents of black race, as opposed to neighborhood economic indicators, were associated with adverse retention at the 3-digit ZCTA level (Rebeiro et al., 2016) . However, these studies were either crosssectional (Eberhart et al., 2015; Nelson et al., 2016) , or did not examine neighborhood risk using an index similar to our own (Rebeiro et al., 2016) .
Meanwhile, studies in Chicago, St. Louis, and Florida found no neighborhood characteristic associations with viral suppression (Burke-Miller et al., 2016; Shacham, Lian, Onen, Donovan, & Overton, 2013; Shacham, Lopez, Onen, & Overton, 2017; Sheehan et al., 2017) . These more recent analyses generally agree with our own study findings, though only Sheehan et al. explicitly evaluated retention in care, finding a null association for that outcome as well.
Our own analysis had important limitations. First, we did not have complete data on factors that may influence residential location (e.g., individual socioeconomic position) that may also influence outcomes of interest. Therefore, our results may be subject to unmeasured confounding. Second, we may have misclassified retention due to our inability to track care visits not occurring at the VCCC.
Despite these potential pitfalls, this study had several strengths. First, this study addresses an urgent and growing concern in HIV research among PLWHA residing in the highest-incidence, highest-burden, and poorest HIV outcome region of the US (namely, the South). Second, we sought to address this concern and the limitations of prior work (Burke-Miller et al., 2016; Chakraborty et al., 2015; Eberhart et al., 2015; Nelson et al., 2016; Shacham et al., 2013 Shacham et al., , 2017 Surratt et al., 2015; Taylor, Leibowitz, Simon, & Grusky, 2006) by using high-quality, validated clinical data, with fidelity to its longitudinal nature in our analytic methods rather than cross-sectional analyses as in prior work (Shacham et al., 2013 (Shacham et al., , 2017 Surratt et al., 2015) . The longitudinal study design also allowed participants to be followed beyond linkage to care or initiation of ART allowing for a more clinically diverse study population than other studies (Eberhart et al., 2015) . This study also included individuals from across a broad region, both rural and urban, allowing for a more geographically diverse study population than several other studies (Burke-Miller et al., 2016; Eberhart et al., 2015; Shacham et al., 2013 Shacham et al., , 2017 Surratt et al., 2015; Taylor et al., 2006) .
Although not entirely supported by the present study findings, contemporary qualitative work in similar populations has helped establish low income, poor job prospects, limited healthcare access, social stigma, and the presence of illicit substances, as major impediments affecting health-seeking behavior and healthcare decision-making. These factors including at the neighborhood level may therefore demarcate populations who face difficulties in fully participating in all aspects of HIV care. They may also operate in a synergistic fashion with each other as well as with other factors (e.g., awareness of opportunities for drug or insurance assistance programs) as drivers of suboptimal HIV outcomes (Kahana et al., 2016; Walcott, Kempf, Merlin, & Turan, 2016) .
Therefore, drawing attention to and quantifying the risk of poor continuum engagement as a function of contextual, structural factors is critical to an improved understanding of the mechanisms leading to so-called leaks in the care continuum. Improved understanding may lead to more effective intervention design including identifying populations most likely to benefit from interventions. Documenting these disparities also remains important given the possibility that our study population, though geographically and demographically diverse, may not have been representative of all populations at risk for poor HIV outcomes within the region.
Documenting potential neighborhood-based disparities is also critical to evaluating the impact of interventions aimed at reducing neighborhood-based disparities. Thus, additional research must be conducted to reconcile the presently contradictory findings regarding the impact of adverse neighborhood contexts on HIV care continuum outcomes. 
